
S

M
a

b

a

A
R
R
A

K
M
C
F
F

1

h
p
t
a
w
l
w
a
f
e
r
a
m
fi
S

r
m

0
d

Forest Ecology and Management 260 (2010) 1557–1566

Contents lists available at ScienceDirect

Forest Ecology and Management

journa l homepage: www.e lsev ier .com/ locate / foreco

urface fuel loadings within mulching treatments in Colorado coniferous forests

ike A. Battagliaa,∗, Monique E. Roccab, Charles C. Rhoadesa, Michael G. Ryana

USDA Forest Service, Rocky Mountain Research Station, 240 West Prospect Rd, Fort Collins, CO 80526, USA
Colorado State University, Department of Forest, Rangeland, and Watershed Stewardship, Fort Collins, CO 80523, USA

r t i c l e i n f o

rticle history:
eceived 17 March 2010
eceived in revised form 28 July 2010
ccepted 5 August 2010

eywords:
astication

hipping
uels management
uel load equations

a b s t r a c t

Recent large-scale, severe wildfires in the western United States have prompted extensive mechanical fuel
treatment programs to reduce potential wildfire size and severity. Fuel reduction prescriptions typically
target non-merchantable material so approaches to mechanically treat and distribute residue on site are
becoming increasingly common. We examined how mulch treatments alter the distribution of woody
material by size class by comparing paired mulched and untreated sites in lodgepole pine (Pinus contorta),
mixed conifer, ponderosa pine (Pinus ponderosa), and pinyon pine/juniper (Pinus edulis/Juniperus sp.)
forests 2–6 years after mechanical treatment. Mulching treatments reduced tree density and canopy
bulk density, and increased canopy base height, potentially lowing active crown fire risk. In general,
mulching increased total woody surface fuel loadings 2–3-fold, but the magnitude differed among forest
types. Average total woody surface fuel loads in the untreated areas ranged between 7 and 12 Mg ha−1, but
increased to 27–63 Mg ha−1 in treated areas. Large diameter fuels (>7.62 cm) represent about 35–69% of

the total woody fuel load in the untreated areas, but only about 8–14% of the total fuel load in the treated
areas. Woody fuels in treated areas were dominated by material <2.54 cm diameter (i.e. 1 and 10 h fuels).
In general, mulch fuelbed depth was a useful predictor of fuel loading. Mulching created a compact
fuelbed (i.e. bulk density 138–150 kg m−3) that differs from pretreatment needle-dominated fuelbed and
will likely change fire behavior and effects. Quantification of the mulched fuelbed characteristics within

ould
these four forest types sh
fuel models.

. Introduction

Recent large-scale, severe wildfires in the western United States
ave prompted the implementation of extensive fuel treatment
rograms aimed at reducing active crown fire behavior and poten-
ial wildfire size (USDA/DOI, 2008). Many of these fuel treatments
re located within or near the wildland–urban interface, areas
here human development borders or intermingles with forested

ands of various ecosystems. As the human population grows, the
ildland–urban interface expands (Radeloff et al., 2005; Theobald

nd Romme, 2007; Gude et al., 2008), and more area will require
uels management. Although many forested landscapes in the west-
rn U.S. were historically regulated by wildfire, opportunities to
eintroduce fire using prescription burning to alter forest structure

re limited by smoke restrictions and risk of fire escapes. Instead,
echanical treatments are a widely used method to reduce crown

re risk in the wildland–urban interface of the western United
tates (USDA/DOI, 2008).
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To reduce crown fire risk, mechanical treatments often focus
on reducing canopy fuels and interrupting the surface-canopy fuel
continuum (Agee and Skinner, 2005). Since the small diameter
trees, shrubs, and dead trees prescribed for removal are non-
merchantable, managers are increasingly choosing the option to
masticate or chip the material and leave it on site. Mastication
treatments often use tracked machines with an attached vertical
or horizontal shaft head mounted on an excavator boom or directly
on the front of the vehicle (Harrod et al., 2009; Rummer, 2010). The
masticator heads shred or grind the woody material into coarse,
irregular pieces and the material can be hurled up to 30 m or more.
Chipping treatments require felled trees and other material to be
fed into a chipper. The resulting material is small, relatively uniform
in size and scattered on the ground. These techniques (hereafter
referred to as mulching) should reduce active crown fire risk by
redistributing the canopy and ladder fuels and compacting them
on the forest floor. Mulching treatments are being applied in a vari-
ety of forest types across the western U.S. (Hood and Wu, 2006;
Kane et al., 2009; Owen et al., 2009; Reiner et al., 2009; Wolk and

Rocca, 2009; Sharik et al., 2010), however; there is limited data on
how these treatments alter surface fuel characteristics and in turn
potential fire behavior.

The woody fuel generated from mulching treatments alters sur-
face fuel loadings and fuel size distribution. The few studies that
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Table 1
Site information for 18 mulched study sites located in Colorado and measured in 2007 or 2008.

Dominant tree species (>10 cm dbh) Elevation (m) Location Treatment
year

Lodgepole pine
Pinus contorta (100%) 2800 USFS Arapaho and Roosevelt National Forest, Clear Creek Ranger District 2005
Pinus contorta (100%) 2690 USFS Arapaho and Roosevelt National Forest, Sulfur Ranger District 2001
Pinus contorta (98%) 2818 Golden Gate Canyon Park, Colorado State Park 2005
Pinus contorta (100%) 2657 YMCA Snow Mountain Ranch, Granby, Private 2003
Pinus contorta (96%) 2600 USFS Arapaho and Roosevelt National Forest, Boulder Ranger District 2003

Mixed conifer
Pinus flexilis (44%), Pinus ponderosa (38%) 2900 Catamount Reservoir, Cascade (Private) 2005
Pinus contorta (58%), Pinus ponderosa (30%),
Pseudotsuga menziesii (12%)

2760 USFS Arapaho and Roosevelt National Forest, Boulder Ranger District 2006

Pinus contorta (78%), Pinus ponderosa (9%),
Pseudotsuga menziesii (12%)

2700 USFS Arapaho and Roosevelt National Forest, Boulder Ranger District 2006

Ponderosa pine
Pinus ponderosa (58%), Pseudotsuga menziesii (42%) 2300 USFS, Pike National Forest, South Platte Ranger District 2004
Pinus ponderosa (50%), Pseudotsuga menziesii (50%) 2100 Lory State Park, Colorado State Park 2006
Pinus ponderosa (68%), Pseudotsuga menziesii (32%) 2130 Lower North Fork, Foxton, Private 2005
Pinus ponderosa (94%), Pseudotsuga menziesii (6%) 2360 USFS Pike National Forest, Pikes Peak Ranger District 2005

Pinyon pine/juniper
Pinus edulis (89%), Juniperus sp. (10%) 2400 BLM, Salida 2006
Pinus edulis (65%), Juniperus sp. (35%) 2200 BLM, Montrose 2005

LM, C
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Juniperus sp. (84%), Pinus edulis (16%) 1915 B
Juniperus sp. (61%), Pinus edulis (39%) 2250 U
Juniperus sp. (88%), Pinus edulis (12%) 2200 B
Juniperus sp. (78%), Pinus edulis (22%) 2170 B

ave estimated surface fuel loadings reported woody fuel loads in
ulched treatments ranging from 16 to 65 Mg ha−1 (Stephens and
oghaddas, 2005; Hood and Wu, 2006; Kane et al., 2009; Reiner

t al., 2009). In most untreated forest types, 1000-h (coarse woody
ebris; >7.62 cm diameter) fuels comprise the greatest proportion
f total fuel load (Brown and See, 1981; Battaglia et al., 2008;
uffman et al., 2009). In contrast, in mulch-treated areas of sites
ominated by shrubs (Kane et al., 2009) or Pinus edulis/Juniperus
steosperma (Huffman et al., 2009), fuel loads were concentrated
n the 1-h (<0.62 cm diameter) and 10-h (0.62–2.54 cm diameter)
uel size classes. Similar studies in other forest types, which have
reater pretreatment densities and surface fuel biomass, may result
n distinct mulch fuel size distributions.

Kane et al. (2009) demonstrated that mulched fuelbeds differ in
oading by fuel particle size and fuelbed depth when compared to
atural and slash-based fuelbeds. Mulched fuelbeds are often com-
acted, with fuelbed bulk densities exceeding 100 kg m−3 (Busse et
l., 2005; Hood and Wu, 2006; Kane et al., 2009; Reiner et al., 2009),
alues that are more typical of duff than of woody fuelbeds (van
agtendonk, 1998). Mixing of woody material during mulching

lso increases the mineral soil content of the fuelbed (Hood and
u, 2006) owing to changes in fuelbed characteristics. Existing fire

ehavior fuel models are inadequate to estimate potential surface
re behavior and effects (Glitzenstein et al., 2006).

Development of fuel models to estimate fire behavior and
re effects in these novel treatments requires characterization of
ulched fuelbeds. Mechanical mulching alters fuel particle shape

nd size and limits the utility of estimating fuel loadings with
rown’s planar intercept method (Glitzenstein et al., 2006; Hood
nd Wu, 2006; Kane et al., 2009). Recent studies which compare
rown’s planar intercept method (Brown, 1974; Brown et al., 1982)
nd other methods that use fuelbed depth and/or cover have shown
ifferences in fuel load estimates (Glitzenstein et al., 2006; Hood
nd Wu, 2006; Kane et al., 2009), especially in the smaller fuel
ize classes (1-h and 10-h). Hood and Wu (2006) demonstrated

hat fuelbed depth was a good predictor of mulched fuel loads in
inus jeffreyi–Abies concolor and Pinus ponderosa–Quercus gambe-
ii forest types. Similar success was demonstrated in 25-year-old
onderosa pine plantations (Reiner et al., 2009) and in sites dom-

nated by shrubs (Kane et al., 2009). Further studies are needed to
ortez 2004
an Juan National Forest, Dolores Ranger District 2005
remmling 2006
ortez 2005

develop equations to predict fuel loads and fuel size distribution in
mulched treatments of other forest types. Furthermore, equations
that can predict mulch fuelbed loads and mulch depth based on the
amount of tree biomass treated would aid managers in planning
mulch treatments.

In this study, we established paired untreated/mulched sites
within 4 coniferous forest types (i.e. lodgepole pine (Pinus con-
torta), mixed conifer, ponderosa pine (P. ponderosa), and pinyon
pine/juniper (P. edulis/Juniperus sp.)) distributed across Colorado.
The broad geographic scope of this study and replicated design
is intended to better characterize differences in surface fuel load-
ings between untreated and mulched sites across multiple forest
types. Specifically, our objectives were: (1) to quantify differences
in ground cover, fuel loading, fuel size distribution, and mulch
depth distribution between untreated and mulched areas; and (2)
to develop equations that predict surface fuel loadings based on
fuelbed depth, cover, and tree biomass treated.

2. Methods

2.1. Study sites and design

We measured the effects of mulching on forest floor cover and
surface fuel loads at 18 sites across four forest types of the south-
ern Rocky Mountains and the Colorado Plateau: lodgepole pine,
mixed conifer (P. ponderosa, Pseudotsuga menziesii, Pinus flexilis, and
P. contorta), ponderosa pine, and pinyon pine/juniper. These sites
were distributed across a wide geographic range throughout Col-
orado and represent treatments across several federal, state, and
other land agencies. The sites were mulched between 2001 and
2006 and fuels measured in 2007 or 2008 (Table 1). Mulch treat-
ments were designed to reduce the risk of crown fire initiation and
spread to alleviate threats to firefighters and homes, increase stand
resilience to fire, reduce the number of dead and diseased trees,

and recreate historic tree densities. Most stands were treated with
a Hydroax©with a vertical shaft or rotary ax mower. Two of the
stands (i.e. a lodgepole pine and a mixed conifer stand on the Ara-
paho and Roosevelt National Forest, Boulder Ranger District) were
treated with a Morbark©chipper.
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Five sites were located in lodgepole pine forests, with two sites
n the western side of the continental divide and three sites on the
astern side. Lodgepole pine was the dominant (>95%) overstory
ree species (Table 1). Three sites were established in the mixed
onifer forests. This forest type lies between the lower elevations
here ponderosa pine forests dominate and the upper elevations
here lodgepole pine or subalpine species dominate. Tree species
ominance was a mixture of lodgepole pine, limber pine, Douglas-
r, and ponderosa pine (Table 1). Four sites were established in the
onderosa pine forest type. Ponderosa pine was the dominant tree
verstory species with various amounts of Douglas-fir (Table 1). Six
ites were established in the pinyon pine/juniper woodland and
hey were distributed throughout central and western Colorado.
uniper species dominated four of the six sites (Table 1).

At each mulched study site, we identified an untreated reference
rea located within 1 km on sites with similar aspect and elevation
o limit differences in soils and forest structure. Stump surveys
n the mulched areas were used to verify similarities between
ntreated and mulched areas. In the summer of 2007 and 2008, we
stablished three 50-m permanent transects in each of the treated
nd untreated areas of the 18 study sites. Transect orientation was
elected using a randomly selected compass bearing.

.2. Trees

Tree diameter, species, and status (live or dead) were measured
long three 50-m belt transects. Transect width varied with treat-
ent and tree size. Trees >10 cm diameter at breast height (dbh)
ere measured on a 20-m wide belt transect within the mulched

reas and 10-m wide within the untreated areas. Trees <10 cm
bh (saplings) were measured on a 10-m belt transect within the
ulched areas and a 4-m belt within the untreated areas. Saplings
ere tallied by dbh size (0–5 cm and 5–10 cm), status, and species.

tump diameters were measured in the mulched areas on belt
ransects 10-m in width for stumps > 10 cm in diameter and 4-m
n width for stumps <10 cm in diameter. When possible to iden-
ify with bark characteristics, species of tree stumps was recorded.
ree height, crown length, and crown width were measured on a
ubset of trees within each study area for tree biomass modeling
urposes. Canopy bulk density and canopy base height were cal-
ulated using the Fire and Fuels extension to the Forest Vegetation
imulator (FFE-FVS) (Reinhardt and Crookston, 2003). FFE-FVS was
lso used to estimate the tree biomass cut and deposited on the
round.

.3. Ground and herbaceous plant cover

Along each transect, 25 1-m2 quadrats were established to mea-
ure ground cover and litter/duff depth. Ocular cover estimates
ere made for exposed rock, mineral soil, litter and duff, living
oody material (exposed roots, stems, and tree boles including

resh stumps), and dead woody material. Dead woody material was
eparated into the three fuel particle sizes (1-h + 10-h = < 2.54 cm
iameter; 100-h = 2.55–7.6 cm diameter; 1000-h = > 7.6 cm diame-
er). Size class classification was determined by the dimension with
he narrowest diameter (Kane et al., 2009). Litter and duff depths
ere measured in five places in each quadrat at the center and at

ach corner. Litter was defined as fresh and partially decomposed
rganic forest debris located above the mineral soil, while duff con-
isted of highly decomposed organic matter below the litter layer

nd above mineral soil. In the mulched areas, it was difficult to
istinguish litter, duff, and fine woody material (<10-h) layers due
o the mixing of the forest floor caused by the equipment, so we
ombined our measurements of the depths of these components
litter + duff + fine woody debris).
anagement 260 (2010) 1557–1566 1559

2.4. Fuel loads

Destructive plot-based sampling was used to develop relation-
ships between cover, depth and load of 1-h, 10-h, and 100-h woody
fuels (Hood and Wu, 2006; Kane et al., 2009). Three 1-m2 ‘calibra-
tion’ quadrats were established, 5-m offset from each transect at
10, 25, and 40 m. Cover estimates and depth measurements were
the same as those conducted along the transect. Within untreated
areas, all 1-h + 10-h and the 100-h woody fuels inside the 1-m2

frame were collected. Litter and duff samples were collected from
a 25 cm × 25 cm frame placed within the 1-m2 quadrat. Within
mulched areas, all of the 100-h woody fuels in quadrats were col-
lected from the entire 1-m2 quadrat. The mulch mixture of litter,
duff, and 1-h + 10-h fuels in quadrats within the mulched areas
was collected from a 25 cm × 25 cm frame placed within the 1-
m2 quadrat. The total mulch depth was also measured within
the smaller frame. Once the fuel was collected, the wet weight
of each fuel type was weighed, bagged, and brought back to the
lab. Due to logistics and space, only a ∼200 g subsample of the
100-h fuels from each quadrat was brought back to the lab. All
fuels were oven-dried to a constant dry mass at 60 ◦C in a dry-
ing oven to convert wet weight to dry weight. Bulk density of each
litter and duff sample from the untreated areas within each forest
type (lodgepole: litter = 73.2 kg m−3 and duff = 95.2 kg m−3; mixed
conifer: litter = 46.6 kg m−3 and duff = 64.2 kg m−3; ponderosa pine:
litter = 53.6 kg m−3 and duff = 64.2 kg m−3; pinyon pine/juniper: lit-
ter = 55.4 kg m−3 and duff = 89.5 kg m−3) were calculated and used
to estimate litter and duff mass. Mulch bulk density (kg m−3) for
the mulch mixture was calculated by dividing the total fuel load
estimates of (1-h + 10-h + litter + duff) per area by the total mulch
depth (m). Once mulch bulk density was calculated, the mulch mix-
ture was separated by fuel size class (1-h, 10-h, litter/duff) and each
fuel component was reweighed to determine its proportion of the
total weight. The 1-h and 10-h fuels collected from the untreated
areas were also separated and reweighed to calculate proportions.

Woody fuels >7.62 cm (1000-h) fuel loadings were measured
along a 4 m × 50 m belt transect. The length, diameter at each end,
and the decomposition class of each log encountered was recorded
(Bate et al., 2004). The volume of the 1000-h fuels was calculated
as a frustum of a paraboloid (Harmon and Sexton, 1996; Bate et
al., 2004) with specific gravity of sound (0.4) and rotten (0.3) wood
(Brown and See, 1981).

Herbaceous fine fuel loads were measured on the calibration
quadrats. Ocular estimates of herbaceous cover (aerial coverage for
live plants) at the peak of the growing season (i.e. late July to August)
were estimated for all graminoids and forbs rooted inside the 1-
m2 quadrats. The herbaceous material was clipped within 1 cm of
the surface and placed in a bag, oven dried at 60 ◦C for 48 h, and
weighted to the nearest tenth of a gram.

2.5. Data analysis

All statistical analyses were performed using SAS v 9.2 (SAS,
2008). For each forest type and treatment, linear regression anal-
ysis was used to determine the relationship between surface fuel
loadings and a predictor variable (fuelbed depth or %cover) from
the destructive plot-based sampling estimates. Because we were
interested in developing an easy metric for predicting mulch fuel
loads, we did not explore a depth × cover relationship; a metric
that would take considerable time to estimate for managers. In
effect, our measurements of depth already account for cover, since

we averaged 5 depth measurements distributed spatially within
the square meter. Fuelbed depth was used to predict total mulch
fuelbed load (litter + duff + 1-h + 10-h). Percent cover of 1-h + 10-h
was used to predict 1-h + 10-h fuel load in untreated areas. Sepa-
rate equations were developed to predict 100-h fuel loads for the
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Table 2
Mean (and standard error) stand and canopy fuel characteristics. BA: basal area, TPH: trees per hectare, QMD: quadratic mean diameter, CBH: canopy base height, and CBD:
canopy bulk density. Mean values in a row within a forest type followed by different letters are significantly different (P < 0.05).

Lodgepole pine Mixed conifer Ponderosa pine Pinyon pine/juniper

Untreated Mulched Untreated Mulched Untreated Mulched Untreated Mulched

BA >10 cm dbh 35.3 a
(3.3)

10.2 b
(2.1)

36.6 a
(4.3)

4.2 b
(2.5)

24.3 a
(3.7)

11.0 b
(2.5)

20.4 a
(4.3)

11.4 b
(4.5)

BA <10 cm dbh 3.5 a
(0.9)

0.3 b
(0.2)

1.9
(0.5)

0.9
(0.6)

2.6 a
(1.0)

0.15 b
(0.1)

1.7 a
(0.3)

0.4 b
(0.2)

TPH >10 cm dbh 1691 a
(132)

383 b
(89)

1118 a
(264)

55 b
(28)

659 a
(125)

180 b
(79)

580 a
(116)

203 b
(54)

TPH < 10 cm dbh 1107 a
(216)

89 b
(54)

776
(211)

291
(184)

1598 a
(495)

69 b
(59)

671 a
(118)

193 b
(75)

QMD (cm) 5.7 a
(0.3)

6.9 b
(0.4)

7.0 a
(0.5)

11.9 b
(0.8)

6.0 a
(0.9)

11.4 b
(1.4)

6.2
(0.6)

7.9
(1.2)

CBH (m) 5.8 a
(1.4)

7.7 b
(1.1)

2.5 a
(0.4)

5.1 b
(0.6)

2.3
(0.7)

5.4
(1.1)

3.3
(0.6)

3.9
(0.8)
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CBD (kg m−3) 0.15 a
(0.03)

0.04 b
(0.01)

0.14 a
(0.01)

0.01
(0.00

reated and untreated areas, but both used percent cover of 100-h
uels as the predictor variable. All linear regressions were tested for
inearity, normality, and homoscaedasticity.

We used the equations developed from the destructive plot-
ased sampling to estimate fuel loads for each transect. The
stimated mulch fuelbed load was broken down further into its
eparate components based on the proportion that each fuel cate-
ory contributed to the total mulch fuelbed load determined from
he sorting of material from the destructive plot-based sampling.

e also calculated the proportion that each woody fuel component
ontributed to the total woody surface fuel load for the untreated
nd treated areas for each forest type. To determine changes in
uelbed properties, the ratio of needle litter loading to 1-h fuel
oading was also calculated for untreated and treated areas for each
orest type. Principle Components Analyses (PCAs) served to visual-
ze the relationships between the different fuel components (litter,
uff, dead wood by size class, and live fuels) and how they differed
cross treatments and forest types. For these analyses, plots were
onsidered individually regardless of site.

Once fuel loads were calculated, linear regression analysis was
sed to determine the relationship between tree biomass cut (esti-
ated with FVS) and the sum of litter and woody surface fuels in
ulched areas. To aid in predicting the potential average mulch

epth that could be deposited, a relationship between tree biomass
ut and total fuelbed load was also determined.

For each forest type, a mixed-model ANOVA was used to detect
reatment differences for each substrate cover, fuel loading cate-
ory, and needle litter:1-h fuel load ratio. Site and site × treatment
ere designated as random variables and treatment as a fixed vari-

ble. Data that did not meet assumptions of equal variances or
ormality were log transformed. Differences among treatments
ere considered statistically significant when P ≤ 0.05. Mixed

ffects ANOVAs were performed using PROC GLIMMIX. Proc FREQ
nd Proc SUMMARY were used to characterize mulch fuelbed depth
istribution and median fuelbed depth for each forest type, respec-
ively.

We tested for differences of surface fuel loads in mulched areas
mong forest types, using a multi-response permutation procedure
MRPP) based on a Euclidian distance metric. All pairs of forest types
ere compared using a Bonferroni-corrected ˛ = 0.008.

Bootstrap analysis was used to determine the number of fuelbed

epth measurements that were required to minimize variability
ithin each forest type. Bootstrap analysis statistically increases

ample size by randomly sampling points from the original dataset.
e used standard, with-replacement bootstrapping technique to

reate 2000 observations at each sample size tested (3–25). The
0.12 a
(0.02)

0.04 b
(0.01)

0.02
(0.006)

0.007
(0.002)

recommended sample size was determined to be at the point where
an increase in sample size did not have a big impact on the estimate
of the standard deviation (Sikkink and Keane, 2008; Kane et al.,
2009).

3. Results

3.1. Changes in forest structure

Mulching treatments reduced tree basal area and trees per
hectare in each forest type compared to the untreated control
(Table 2). Total tree basal area in the mulched treatments ranged
between 4 and 11 m2 ha−1, 47–89% lower than the untreated con-
trols. Lodgepole pine and mixed conifer had the greatest absolute
reduction in basal area, followed by ponderosa pine and pinyon
pine/juniper. Total tree density was 69–97% lower in the mulched
treatments, with low densities of standing dead material.

Mulching significantly increased the quadratic mean diameter
and canopy base height of the residual stands, and significantly
reduced canopy bulk density of all forest types except pinyon
pine/juniper (Table 2).

3.2. Ground cover

Mulching treatments altered the substrate covering the forest
floor. In untreated stands, litter and duff cover were dominant in
all the forest types; woody fuel cover rarely exceeded 10% (Fig. 1).
In untreated ponderosa pine, mixed conifer, and lodgepole pine
stands, litter/duff cover ranged from 76 to 87%. However, mulching
significantly decreased litter/duff cover to 30–45% (Fig. 1a–c). The
decrease in litter/duff coverage was in part due to the significant
increase in coverage of 1-h and 10-h fuel sized particles, which
covered 30–52% of the forest floor (Fig. 1a–c). The addition of
the 1-h and 10-h fuels mixed with and buried the forest floor.
In untreated pinyon pine/juniper stands ground cover was a mix-
ture of litter/duff (45%) and bare soil (32%). In the mulched stands,
the addition of 1-h and 10-h fuels significantly decreased both lit-
ter/duff (35%) and bare soil (24%) cover (Fig. 1d).

The changes in cover of 100-h and 1000-h fuels varied among
forest types. In lodgepole pine and ponderosa pine stands, 100-h

fuel cover significantly increased (Fig. 1a and c), but the change
in coverage was not significant for the mixed conifer or pinyon
pine/juniper stands (Fig. 1b and d). Although the cover in smaller
fuel size classes increased, mulching treatments did not change the
cover of 1000-h fuels in any of the forest types (Fig. 1).
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tands.

.3. Estimating fuel loads
Fuelbed depth was a useful predictor to estimate mulch fuelbed
oadings (Table 3), which consisted of a mixture of litter, duff, 1-h,
nd 10-h fuels. Fuelbed depth explained 84–90% of the variability
n mulch fuelbed loadings in lodgepole pine, ponderosa pine, and
inyon pine/juniper stands, but only 58% in mixed conifer stands.

able 3
inear regression results between fuelbed depth (cm) or fuel cover (%) and litter/woody
inear regression form: y = b0 + b1(x). Mulch fuelbed = litter + duff + 1-h + 10-h fuels. All equ

Fuel type Treatment b0 b1

Lodgepole pine
Mulch fuelbeda Mulched −0.3858 1.5038
100-h Mulched 0.0385 0.0927
1-h + 10-h Untreated 0.0579 0.0410
100-h Untreated −0.0499 0.1663

Mixed conifer
Mulch fuelbeda Mulched −1.667 1.8076
100-h Mulched 0.0892 0.115
1-h + 10-h Untreated 0.0234 0.0207
100-h Untreated −0.0026 0.1005

Ponderosa pine
Mulch fuelbeda Mulched −0.2559 1.4315
100-h Mulched 0.0367 0.1144
1-h + 10h Untreated −0.0004 0.0323
100-h Untreated −0.0159 0.1156

Pinyon pine/juniper
Mulch fuelbeda Mulched −0.1050 1.5904
100-h Mulched 0.1097 0.1395
1-h + 10-h Untreated 0.0711 0.0245
100-h Untreated 0.0005 0.1116

All ecosystems
Mulch fuelbeda Mulched −0.2030 1.5287

odgepole pine: litter = 0.18; duff = 0.20; 1-h = 0.29, 10-h = 0.33.
ixed conifer: litter = 0.29; duff = 0.20; 1-h = 0.25, 10-h = 0.26.

onderosa pine/Douglas-fir: litter = 0.27; duff = 0.21; 1-h = 0.16, 10-h = 0.36.
inyon pine/juniper: litter = 0.26; duff = 0.15; 1-h = 0.23, 10-h = 0.36.
a To break down the fuel loads into litter, duff, 1 h and 10 h fuel size classes apply these
d mulched lodgepole pine, mixed conifer, ponderosa pine, and pinyon pine/juniper

We also developed a relationship of depth and mulch fuelbed load-
ings for all forest types combined. Although the relationship of all

2
forest types combined had a slightly lower r than three of the
four individual forest types, the slope was similar to the individual
equations. Bootstrap analysis indicated that the optimal sampling
intensity to estimate mulch fuelbed loadings is about 10 samples
for a 50-m transect, regardless of forest type (Fig. 2).

mulch fuelbed load (kg m−2) across mulched sites in four forest types in Colorado.
ations were significant (P < 0.001).

Predictor variable r2 n RMSE

Depth (cm) 0.84 49 2.3
% cover 100-h 0.75 39 0.316
% cover 1-h + 10-h 0.56 41 0.123
% cover 100-h 0.94 42 0.198

Depth (cm) 0.58 26 3.34
% cover 100-h 0.81 26 0.36
% cover 1-h + 10-h 0.41 27 0.057
% cover 100-h 0.84 25 0.04

Depth (cm) 0.86 35 1.8
% cover 100-h 0.76 36 0.315
% cover 1-h + 10-h 0.78 34 0.051
% cover 100-h 0.93 35 0.07

Depth (cm) 0.90 27 1.48
% cover 100-h 0.82 53 0.32
% cover 1-h + 10-h 0.37 49 0.124
% cover 100-h 0.97 48 0.014

Depth (cm) 0.71 137 2.89

proportions to the predicted estimates of mulch fuelbed load (kg m−2).
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Table 4
Linear regression results for total fuels (Mg ha−1) or litter/woody mulch fuelbed load (Mg ha−1) based on tree biomass treated. Tree biomass treated estimated using the
Forest Vegetation Simulator. Linear regression form: y = b0 + b1(x). Mulch fuelbed = litter + duff + 1-h + 10-h fuels. All equations were significant (P < 0.001).

Fuel type Treatment b0 b1 Predictor variable r2 n RMSE

Total fuels (Mg ha−1) Mulched −2.811 0.967 Tree biomass treated (Mg ha−1) 0.76 18 10.97
Mulch fuelbeda Mulched 1.072 0.795 Tree biomass treated (Mg ha−1) 0.67 18 1.12

Mixed conifer: litter = 0.29; duff = 0.20; 1-h = 0.25, 10-h = 0.26.
Ponderosa pine/Douglas-fir: litter = 0.27; duff = 0.21; 1-h = 0.16, 10-h = 0.36.
Pinyon pine/juniper: litter = 0.26; duff = 0.15; 1-h = 0.23, 10-h = 0.36.
Lodgepole pine: litter = 0.18; duff = 0.20; 1-h = 0.29, 10-h = 0.33.

a To break down the fuel loads into litter, duff, 1 h and 10 h fuel size classes apply these
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ig. 2. Effect of sample size on the bootstrap standard deviation of each sample mean
2000 iterations) for forest floor depth (variable used to estimate mulch fuelbed load)
n each forest type.

Cover was a useful predictor to estimate 100-h fuel loadings in
ulched treatment (Table 3). To be consistent, we chose to mea-

ure untreated fuel loads using the same methodology (% cover-fuel
oad) as we used in the mulched areas. Separate equations were
eveloped for the untreated fuels because the fuel particle sizes and
hapes were not the same as those for mulched fuels. Our ability to
redict 1-h and 10-h fuel loads based on %cover varied (Table 3).
inyon pine/juniper, mixed conifer, and lodgepole pine forest types
howed moderately good relationships with r2 values ranging from
.37 to 0.56. Ponderosa pine had a stronger relationship, with a r2

alue of 0.78 (Table 3). Percent cover of 100-h fuels in untreated

reas was a good predictor in untreated areas (r2 values ranged
etween 0.84 and 0.97).

The amount of tree biomass treated with the mastication equip-
ent was a good predictor of the total amount of needle litter

nd woody material deposited on the forest floor (Table 4). The

able 5
stimated average depth of mulch based on tree biomass treated in for lodgepole pine, m
ulch fuelbed depth = mulch fuelbed mass/mulch fuelbed bulk density.

Tree biomass treateda

(Mg ha−1)
Mulch fuelbed mass
(litter + duff + 1-h + 10-h)
(Mg ha−1)

10 9.0
25 20.9
50 40.8
75 60.7

100 80.6
125 100.5

odgepole pine: maximum: 71–98; treated: 25–40.
ixed conifer: maximum: 50–80; treated: 36–49.

onderosa pine: maximum: 51–82; treated: 25–41.
inyon pine/juniper: maximum: 27–141; treated: 14–71.
a Range of maximum standing tree biomass and treated biomass for each forest type.
proportions to the predicted estimates of mulch fuelbed load (Mg ha−1).

amount of tree biomass treated was also a fairly good predictor of
the amount of mulch (i.e. litter + duff + 1hr + 10hr) that was present
on the forest floor (Table 4). For example, if an untreated ponderosa
pine stands has 50 Mg ha−1 of tree biomass, 40.8 Mg ha−1 of mulch
(litter, duff, 1-h and 10-h sized fuels) would be found on the forest
floor (Table 5).

3.4. Fuel loads and fuelbed characteristics

Mulching substantially increased surface fuel loads in all of
the forest types (Table 6). However, the magnitude of the total
increase differed among the forests (mixed conifer > lodgepole
pine > ponderosa pine > pinyon–juniper). Average total woody fuel
loads in the untreated areas ranged between 7 and 12 Mg ha−1 and
mulched areas ranged between 27 and 63 Mg ha−1 (Table 6). Large
diameter fuels (>7.62 cm; 1000-h) represented about 35–69% of the
total woody fuel load in the untreated areas, but only 8–14% in the
mulched areas (Fig. 3). The majority of woody fuels in mulched
areas were 1-h and 10-h fuels (<2.54 cm in diameter), composing
between 67 and 78% of total woody fuel loadings (Fig. 3). Nee-
dle litter mass increased significantly in the mulched areas of the
mixed conifer, ponderosa pine, and pinyon pine/juniper, but not
in the lodgepole pine forest types (Table 6). Average herbaceous
fuel loads increased significantly in the ponderosa pine and pinyon
pine/juniper, but did not significantly increase in the lodgepole pine
or mixed conifer stands (Table 6). Multivariate analysis of fuelbeds
indicated that mulched plots separated from untreated plots along
two PCA axes, which together explained 42% of the original variance
in the fuels data (Fig. 4). Axis 1 correlated negatively with litter and
the 1, 10, and 100 h fuel loads, while Axis 2 correlated positively
with duff and coarse woody debris and negatively with live fuels.
Median fuelbed bulk densities in mulched areas were approx-
imately 137 kg m−3 for lodgepole pine, mixed conifer, and
ponderosa pine and 150 kg m−3 for pinyon pine/juniper. The
increased surface woody fuel component in mulched areas corre-
sponds to a shift from a needle fuelbed to a compact woody/needle

ixed conifer, ponderosa pine, and pinyon pine/juniper forests of Colorado. Average

Pinyon pine/juniper Lodgepole pine, mixed conifer,
and ponderosa pine

Approximate average
mulch depth (cm)

Approximate average mulch depth (cm)

0.6 0.7
1.4 1.5
2.7 3.0
4.1 4.4
5.4 5.8
6.7 7.3
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Table 6
Mean (and standard error) fuel loads (Mg ha−1) for untreated and mulched areas (surface by timelag fuel moisture class, ground, and herbaceous) of four coniferous forest
types in Colorado.

Lodgepole pine Mixed conifer Ponderosa pine Pinyon pine/juniper

Untreated Mulched Untreated Mulched Untreated Mulched Untreated Mulched

Litter 12.0
(1.4)

10.2
(1.2)

13.2 a
(0.37)

27.7 b
(0.39)

10.5 a
(2.9)

13.6 b
(2.6)

6.0 a
(1.1)

8.6 b
(1.6)

Duff 14.2
(3.4)

11.5
(2.2)

12.8
(3.2)

19.15
(4.6)

8.7
(4.0)

10.5
(2.2)

4.2
(1.5)

4.9
(2.2)

1-h 1.04 a
(0.22)

16.9 b
(5.9)

0.64 a
(0.04)

23.03 b
(8.79)

0.54 a
(0.15)

8.0 b
(1.9)

1.08 a
(0.17)

7.81 b
(2.2)

10-h 0.83 a
(0.04)

19.3 b
(2.6)

0.80 a
(0.09)

24.5 b
(5.7)

0.72 a
(0.20)

18.02 b
(3.3)

1.09 a
(0.21)

12.0 b
(2.5)

100-h 3.5
(1.3)

5.2
(0.9)

1.07
(0.25)

10.8
(4.1)

2.45 a
(1.04)

7.4 b
(1.0)

1.02 a
(0.50)

4.15 b
(0.6)

1000-h 2.9
(0.65)

5.32
(2.02)

4.93
(1.47)

5.03
(2.25)

8.29
(3.49)

5.27
(0.67)

4.15
(2.2)

3.18
(1.24)

Total woody 8.3 a
(1.5)

46.7 b
(8.6)

7.43 a
(1.7)

63.4 b
(12.2)

12.0 a
(4.7)

38.7 b
(5.0)

7.3 a
(2.8)

27.2 b
(3.6)

Herbaceous 0.08
(0.05)

0.16
(0.06)

0.06
(0.02)

0.11
(0.05)

Mean values in a row within an ecosystem followed by different letters are significantly d

Table 7
Ratio of needle litter fuel loads to 1 h fuel loads. Ratios were significantly different
(P < 0.0002) between untreated and mulched areas for lodgepole pine, mixed conifer,
ponderosa pine, and pinyon pine.

Forest type Untreated Mulched

Lodgepole pine 11.5 0.6

f
l

a
s
p

pole pine and ponderosa pine stands had mulch depths that ranged

F
a

Mixed conifer 20.6 1.2
Ponderosa pine 19.4 1.7
Pinyon pine/juniper 5.6 1.2

uelbed as indicated by the ratio of needle litter fuel load to 1-h fuel
oads (Table 7).
When mulched plots were considered alone, fuel loads differed
mong forest types (p < 0.0001, MRPP). All pairs of forest types were
ignificantly different from the others (p < 0.001), except for lodge-
ole pine and ponderosa pine, which could not be distinguished

ig. 3. Percentage that each fuel size class contributes to the total woody fuel load in unt
nd pinyon pine/juniper.
0.11 a
(0.03)

0.23 b
(0.10)

0.26 a
(0.08)

0.39 b
(0.07)

ifferent (P < 0.05).

statistically (p = 0.07). The various fuel components in mulched
plots were highly intercorrelated along a single axis of variabil-
ity, resulting in a one-dimensional PCA (not shown). This suggests
that the mulched fuel beds differ only in their total fuel load, and
that the proportions of total fuel in each category remain relatively
constant across plots. MRPP and PCA analyses based on the propor-
tions of the total fuel load that falls in each category confirms this
(not shown).

Mulch depth distribution varied across ecosystems (Fig. 5).
Mulch depth in the pinyon pine/juniper stands ranged between
0 and 9 cm (Fig. 5d) with a median depth of 1.4 cm. Both lodge-
between 0 and 13 cm (Fig. 5a and c), with median mulch depths of
3.8 and 3.3 cm, respectively. Mixed conifer stands had the deep-
est mulch. Mulch depths ranged from 0.5 to 15 cm, with a median
mulch depth of 6.0 cm (Fig. 5b).

reated and mulched study areas in lodgepole pine, mixed conifer, ponderosa pine,
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Fig. 4. Principle Components Analysis showing separation of mulched and
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variability. The ability for managers to quantify the mulch fuelbed

F
p

ntreated plots across all sites and forest types. Mulched plots had significantly dif-
erent fuel load distributions than untreated plots (p < 0.0001, MRPP), with higher
oads of woody fuels, litter, and live herbaceous fuels.

. Discussion

Mulching altered stand structure and likely lowered potential
ctive crown fire hazard in closed-canopy forest types. Mulching
liminated the majority of trees < 10 cm dbh and many overstory
rees, decreasing canopy bulk density and increasing the live crown
eight in the lodgepole pine, mixed conifer, and ponderosa pine
tands. In pinyon pine/juniper stands, mulching reduced tree den-
ity, but had little effect on canopy bulk density or canopy base
eight. Tree density and canopy bulk density are inherently low in
he majority of pinyon pine/juniper stands and would likely resist
ctive crown fire and be prone to passive crown fire behavior due
o its large gaps between trees (Evans, 1988), and low canopy base
eight. In addition, a recent Ips (Ips pini) outbreak in many of the
inyon pine/juniper stands created a large number of standing dead
rees without needles, further decreasing the potential for crown

res.

The next step in our analysis would be to assess how active and
assive crown fire risk changed with the mulching treatments, but
odeling these types of fire behavior is problematic in these treat-

ig. 5. Frequency (bars) and cumulative frequency (line) distribution of mulch depth (
onderosa pine, and pinyon pine/juniper.
anagement 260 (2010) 1557–1566

ments. Currently available methods for modeling crown fire require
the user to choose a surface fire behavior fuel model (Anderson,
1982; Scott and Burgan, 2005) or to develop a custom fuel model
based on surface fuelbed characteristics. In order for a surface fire
to transition into a passive crown fire (e.g. crown fire initiation),
the surface fire intensity must exceed the critical fireline intensity
(Van Wagner, 1977, 1993). Once the surface fire ignites the crown,
the ability for the fire to propagate through the crown is based on
the actual active crown fire spread rate exceeding the threshold for
active fire spread rate (Van Wagner, 1993). To calculate the actual
active crown fire spread rate, the surface fire spread rate and the
surface fire intensity must be calculated. These two variables are
estimated from the surface fire behavior fuel models (Anderson,
1982; Scott and Burgan, 2005). Kane et al. (2009) demonstrated that
timber, brush, and slash-based fuelbeds (Anderson, 1982; Scott and
Burgan, 2005) commonly used to model surface fire behavior differ
substantially from mulched fuelbeds in sites dominated by Arc-
tostaphylos and Ceanothus shrubs. Our PCA analysis also indicated
that mulched fuelbeds in the four forest types that we sampled
also differed substantially from those found in our untreated areas.
Therefore, until parameters such as fuel loads, fuelbed bulk den-
sity, surface to area volume ratios, and fuel size class distribution
are incorporated into the fire behavior models and predicted fire
behavior is validated with experimental burning, the ability to pre-
dict active or passive crown fire behavior is hampered.

Our results and similar findings in other western forest types
(Hood and Wu, 2006; Kane et al., 2009; Reiner et al., 2009), sug-
gest that surface fuel loadings in mulched treatment areas can be
estimated from measures of fuelbed depth or fuel coverage. These
alternatives to planar transect sampling, which has been shown
to underestimate 1-h and 10-h fuels (Kane et al., 2009), provide
managers and researchers with a more accurate estimate and easy
technique to estimate total surface fuel loads. Applying the pro-
vided proportion values of each fuel size class (Table 3) associated
with the mulch fuelbed equations will help with estimating fuel size
distribution. Our bootstrap analysis suggested that sampling 10 1-
m2 plots per 50-m of transect is adequate to minimize within site
loads will help them document the impact of treatments, how the
impact changes through time as fuels decompose or burn, and to
begin to relate mulch biomass to observations in fire behavior and
fire effects.

cm) at the 1 m2 scale for mulched study areas in lodgepole pine, mixed conifer,
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Similar to other studies (Stephens and Moghaddas, 2005; Hood
nd Wu, 2006; Kane et al., 2009; Reiner et al., 2009), total woody
urface fuel loadings substantially increased in the mulched areas of
ach forest type, ranging from 27 to 63 Mg ha−1. The amount of sur-
ace fuels generated by mulching was proportional to the reduction
n overstory and ladder fuel density in the four forest types (mixed
onifer > lodgepole pine > ponderosa pine > pinyon–juniper). Our
quation that predicts total fuel loads based on the amount of tree
iomass treated should help managers quantify the amount of fuels
hat will be generated from mulching treatments. In addition, our
stimates of average mulch depth demonstrate that if all the tree
iomass in the densest stands in our study was treated, the average
ulch depth would range between 5.8 and 7.5 cm. Of course, the
ulch depth distribution would likely have a wide range due to the

ariable dispersal of the woody material.
The deposition and increased continuity of the 1-h and 10-h

uels in the mulched areas created unique fuelbed characteristics
hat differ from untreated areas. In general, 1-h and 10-h fuels
ontributed the most to the total fuel load in mulched areas, a
nding also reported by Kane et al. (2009). Addition of woody
aterial to the needle litter layer resulted in a shift from a nee-

le fuelbed or litter-twig fuelbed with typical bulk densities below
00 kg m−3 in untreated areas (Brown, 1981; Brown and See,
981; van Wagtendonk, 1998; Battaglia et al., 2008) to a compact
oody/needle fuelbed with densities ranging between 137 and

50 kg m−3 in our study site as, as well as values reported for other
ulched sites across the western U.S. (Busse et al., 2005; Hood and
u, 2006; Kane et al., 2009). These compact, small particles, wood-

aden fuelbeds would likely alter potential surface fire behavior and
re effects. The few studies examining the fire behavior in these
ulched fuelbeds found that rate of spread and flame lengths are

educed, but flaming and smoldering duration is increased rela-
ive to untreated fuelbeds (Busse et al., 2005; Glitzenstein et al.,
006; Knapp et al., 2006; Kreye, 2008). Attempts to create cus-
om fuel models based on measured mulch treatment fuel loads
o model surface fire behavior and compare the outputs to actual
bserved fire behavior have been unsuccessful (Glitzenstein et al.,
006). Quantification of the mulched fuelbed characteristics in the
our forest types in this study gives insight into the variables that
eed to be considered in the development of the new generation of
re behavior models for this fuelbed type. Furthermore, the accu-
acy of fire behavior prediction models which make use of such
uelbed information needs to be tested and calibrated (Cruz and
ernandes, 2008), such that uncertainty in expected fire behavior
nd fire effects can be accounted for in management decisions.

. Conclusions

Agee and Skinner (2005) identified a set of principles that are
mportant to apply in forest fuel reduction treatments to increase
orest resistance to wildfire: (1) reduce surface fuels; (2) increase
he height to live crown; (3) decrease crown density; and (4) retain
arge trees of fire-resistant species. The mulching treatments in this
tudy achieved the last three principles. Although active crown fire
isk was likely reduced in each of the forest types, the substantial
ncrease in surface woody fuel loadings and increased continuity of

oody fuel cover may lead to high-intensity surface fires that are
ifficult to control. The lack of appropriate tools to model potential
urface and crown fire behavior for these mulched fuelbeds hinders
ur capability to determine appropriate management activities and

re risk factors. The broad geographic scope of this study and its
eplicated design across 4 forest types in Colorado has provided a
haracterization of surface fuel loadings in mulched areas. Com-
onalities among forest types were observed and should help
ith future planning of mulched treatments throughout the region.
anagement 260 (2010) 1557–1566 1565

Regardless of forest type, the fuelbeds created in the mulched treat-
ments had similar bulk densities and had a high proportion of
1-h and 10-h fuel size classes. These similarities should help in
the future development of new fire behavior models. The simple
method of measuring fuelbed depth or cover to estimate surface
fuel loads in mulched treatments should help managers to more
quickly quantify the amount of fuels generated from mulching in
coniferous forests of Colorado and across the western U.S.

Because mulching treatments are a relatively new management
technique, information regarding treatment longevity, changes in
forest microclimate, and the long-term ecological impacts is lim-
ited. Experimental burns in mulch treatments under a variety
of weather conditions, including severe burning conditions, are
needed to assess treatment efficacy and potential fire behavior. A
case study in Idaho indicated that mulch treatments did reduce
crown fire behavior and resulted in areas within the center of the
treatment that had surviving trees and green vegetation (Graham
et al., 2009). More observations of changes in fire behavior and sub-
sequent effects in mulched areas subjected to wildfires are needed.
Future research should focus on addressing these issues, especially
since managers will continue to use mulching treatments to reduce
active crown fire risk.
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